The enzyme Hpa II methylase extracted and partially purified from Haemophilus parainfluenza catalyzes the methylation of the tetranucleotide sequence CCGG at the internal cytosine. The enzyme will methylate this sequence if both DNA strands are unmethylated or if only one strand is unmethylated. Conditions have been developed for producing fully methylated DNA from various sources. In vitro methylation of this site protects the DNA against digestion by the restriction enzyme Hpa II as well as the enzyme Sma I which recognizes the hexanucleotide sequence CCCGGG. These properties make this enzyme a valuable tool for analyzing methylation in eukaryotic DNA where the sequence CCGG is highly methylated. The activity of this methylase on such DNA indicates the degree of undermethylation of the CCGG sequence. Several examples show that this technique can be used to detect small changes in the methylation state of eukaryotic DNA.
INTRODUCTION
Although the presence of 5 methylcytosine in eukaryotes was noted many years ago, it is only recently that this modification has been studied in detail. It is clear that methyl moieties are not randomly distributed on the DNA. The dinucleotide sequence CpG is preferentially methylated and constitutes over 90% of all methyl groups (1)• As determined by several independent techniques, highly repeated satellite sequences are preferentially methylated and contain over 50% of the 5 methylcytosines in various animal cells (2-4). The location of methyl groups with respect to chromosomal structure is also asymmetrical, with over 75% of these groups concentrated within the nucleosome core (3, 5) . Recent evidence shows that the methylation pattern in particular genes is tissue specific, suggesting that this modification may play a role in the regulation of gene expression (6) (7) (8) .
Much of the progress in this field can be attributed to the use of restriction enzymes to assay the presence of methyl groups at particular eukaryotic DNA sequences. The isoschizomers Hpa II and Msp I are particularly use-ful in t h i s regard. Although both enzymes recognize the same tetranucleotide, CCGG, only Msp I cuts this sequence if the internal C is methylated (9) (10) (11) . This particular sequence is over 70% methylated in animal cell D N A (11) .
Although these enzymes are useful for detecting the presence of methyl groups, i t is in many instances more useful to measure the sites which remain unmethylated.
I t has been suggested, in fact, that i t is the absence of methylations at certain s i t e s which may play a role in gene expression (6, 7, 12, 13) .
The enzyme Hpa II methylase is the enzyme responsible for methylating the CCGG sites in the bacteria Haemophilus parainfluenza.
In this paper we show that t h i s enzyme can be used for methylating in_ vitro unmethylated CCGG sites and therefore provides a tool for studying the effect of methylation on D N A transcription and replication and a probe for measuring the degree of methylation in eukaryotic DNA.
MATERIALS AND METHODS
P r e p a r a t i o n and p u r i f i c a t i o n of Hpa I I m e t h y l a s e . roform e x t r a c t i o n s and p r e c i p i t a t e d with e t h a n o l . B a c t e r i a l plasmid pTK (15) which c o n s i s t s of pBR322 containing the Herpes thymidine kinase gene was obtained from Dr. R. Axel.
RESULTS AND DISCUSSION
The methylation of DNA i s usually assayed by following the incorporation of ( H)SAM i n t o DNA. Although q u a n t i t a t i v e , t h i s method does not provide information about the s p e c i f i c i t y of methylation. In order t o determine the p a t t e r n of methylation catalazed by the Hpa I I methylase, plasmid pTK DNA was exhaustively methylated and analyzed by r e s t r i c t i o n enzyme a n a l y s i s . As shown in figure 1 t h i s enzyme s p e c i f i c a l l y methylates the i n t e r n a l C of the sequence CCGG. Whereas unmethylated DNA could be cut by both Hpa I I and Msp 1, the methylated DNA was r e s i s t a n t to Hpa II d i g e s t i o n , although the pattern obtained with Msp I was i n v a r i a n t . This methylation was limited to CCGG s i t e s , since other r e s t r i c t i o n enzymes which are i n h i b i t e d by e i t h e r 6mAd or 5mCyt in t h e i r recognition s i t e were able t o cut Hpa I I methylated DNA normally (data not shown). Even the Hpa I s i t e (GTTAAC) which can be modified by the methylation of adenine was not methylated in our j^n_ v i t r o r e a c t i o n .
S p e c i f i c i t y can also be determined by q u a n t i t a t i v e a n a l y s i s . The plasmid pBR322 has been sequenced and shown to contain 26 s i t e s for the enzyme Msp I (Hpa I I ) (16) . When t h i s DNA i s methylated t o s a t u r a t i o n levels using (Ti)SAM, the s a t u r a t e d number of methyl additives corresponds to the number of available Msp I s i t e s .
I t has been noted that the enzyme Sma I (CCCGGG), whose recognition s i t e i s a subset of the Hpa I I s i t e s , is p r o t e c t e d by methylation a t the i n - . These samples were analyzed on a 2% agarose gel. In order to study digestion by Sma I both unmethylated and methylated plasmid pTK were first digested with Hind III to produce linear plasmid molecules. These samples were run on a 1.5% agarose gel either undigested (lanes 7 and 9) or after digestion with Sma I (lanes 8 and 10). "p-RF 0X D N A was included as an internal control in every case.
ternal cytosine (7) . It can be seen in figure 1 that modification of the C C G G sites of plasmid pTK also prevents digestion by the enzyme Sma I. When taken together the facts all suggest that this enzyme preparation is specific to CCGG sites and does not contain other methylase a c t i v i t i e s .
The data of figure 1 show that the sequence CCGG can be qualitatively Figure 7 shows that this assay is accurate when used either on unmethylated D N A or on partially methylated DNA. To this end pTK plasmid was methylated to various degrees in vitTO using unlabeled SAM; these partially methylated samples were then used as substrates for the methylation assay. As expected, the extent of methylation was always proportional to the degree of undermethylation of the template DNA.
In ordeT to be useful this type of assay must be sensitive to unmethylated CCGG sites but unaffected by other parameters of the DNA. In table 1 i t can be seen that this assay is independent of the size of the D N A over a Table 1 . Effect of DNA on Hpa II methylation. Chicken DNA was digested by different restriction enzymes and the average size determined by reference to markers. Single stranded DNA was prepared by denaturation of DNA at 100°C for 10 min in 10 mM Tris-HCl, pH 7.4. Methylation was determined using the standard assay conditions, with 2 ug DNA and 2 units Hpa II methylase. 12 fold range. A decrease in the methylation efficiency was observed, however, in DNA smaller than 400 bp. When DNA is digested with the restriction enzyme Hpa II, which destroys the CCGG site, only a negligible degree of methylation was obtained, indicating that the reaction is specific only to this site. Single stranded DNA was a relatively poor substrate for methylation (table 1) and the specificity of this reaction has not yet been determined. It should be noted that the methylase activity is also highly dependent on the CCGG content of the DNA template.
The restriction enzyme Hpa II is prevented from digesting DNA at any particular site if either or both strands of the DNA are methylated at the internal cytosine (14) . It was of interest to determine whether the in vitro reaction yielded full methylation of both cytosines of the CCGG site or hemimethylation of only one cytosine. To this end in^ vitro methylated DNA was digested with Msp I, leaving the internal C of the CCGG site free at the 5' end of each molecule. Digested DNA was labeled with 3 2 P at the 5' end of the molecules using polynucleotide kinase and the resulting DNA was digested to mononucleotides. The labeled mononucleotides were analyzed by TLC and the amount of 5mCyt and Cyt was determined (11) . As shown in figure 8 all In order to test this possibility we prepared hemimethylated D N A by hybridizing unmethylated pTK plasmid with fully methylated plasmid. This template was then used in the methylation assay system described above. As shown in table 2, pTK was a good substrate for the methylation reaction, while fully methylated DNA was a rather poor substrate. After melting and self annealing of these substrates the results were unchanged. These substrates were then annealed to each other using a twenty-fold excess of methylated Table 3 . Methylation of mammalian DNA samples.
DNA from various sources were assayed for methylation a t several concentrations using the technique described in f i g u r e 7. The r e s u l t s are expressed as the number of methyl a t i o n s p e r 10,000 n u c l e o t i d e s of DNA.
every 2200 nucleotides and is 80% methylated (H. Cedar, unpublished r e s u l t s ) .
Thus we would have expected approximately one unmethylated C C G G sequence per 10,000 nucleotides, which is in keeping with the in vitro methylation assay.
One tissue, brain, showed increased methylation, indicating that i t s C C G G sites may be undermethylated relative to other tissues. That this specificity can be attributed to chromatin structure is demonstrated by the fact that these sites are not preferentially digested by micrococcal nuclease on naked DNA. These observations strengthen the claim that methyl groups are concentrated in nucleosome core particles.
The data in this paper show that the D N A methylase from Haemophilus parainfluenza can be used in studying the state of methylation of the sequence C C G G on various D N A templates. The enzyme is absolutely specific for this tetranuclcotide and is capable of methylating this sequence even if one half of the site is already methylated.
It should be noted that we have not conclusively proved that every unmethylated internal C of the sequence C C G G can be methylated by this enzyme. It is possible, for instance, that a methylated 0.5 1.5
Digestion (percent) Fig. 9 . Sensitivity of chromatin methyl moieties to digestion by micrococcal nuclease. Chicken erythrocyte nuclei (o) were digested with micrococcal nuclease to various extents and the remaining D N A was purified and assayed for methylatable sites as described in the legend to figure 7 using several concentrations of DNA. As a control, deproteinized erythrocyte D N A was also digested with micrococcal nuclease and analyzed as described above. The degree of micrococcal nuclease digestion was determined by measuring the solubilization of OD26O absorbing material in PCA. I t should be noted that the micrococcal nuclease treatment of nuclei and deproteinized D N A gave similar size distributions as determined by analytical gel electrophoresis. 
